three flow rates (7.5, 15.0, and 22.5 L min-1), (3) 
/ rrigation-induced erosion contributes to elevated nutrient concentrations in irrigation return flows Sojka, 1998; Trout and Neibling, 1993; Bjomeberg et al., 1998) . Elevated nutrient concentrations in irrigation runoff cause nutrient accumulation in aquatic environments such as lakes, streams, and wetlands (David and Gentry, 2000; Edwards et al., 2000; Sharpley et al., 2000) . Most aquatic ecosystems develop in conditions limited by nitrogen (N) and phosphorus (P). Changes in flora and fauna have been attributed to increased input of nutrients (Davis, 1991; Koch and Reddy, 1992; Cooper and Brush, 1993; Stevenson et al., 1993) . Increased N and P in wetland ecosystems often leads to eutrophication, creating an abnormally high oxygen demand, depleting the aquatic oxygen supply, and often resulting in the death of many aquatic organisms (Cooper and Brush, 1993) .
Polyacrylamide (PAM) is used in furrow-irrigated agriculture for erosion control and increased infiltration (Lentz et al., 1992; Lentz and Sojka, 1994; Sojka et al., 1998a Sojka et al., , 1998b . PAM can be mixed into irrigation water or spread on the soil as a patch. Both types of treatments greatly reduce the sediment loss rate over time, dissolved reactive phosphorus (DRP), and total P and NO3-concentrations (Lentz et al., Article was submitted for review in April 2002; approved for publication by the Soil & Water Division of ASAE in October 2002.
The authors are James A. Entry, Environmental Microbiologist, and Robert E. Sojka, Soil Scientist, USDA-ARS Northwest Irrigation and Soils Research Laboratory, Kimberly, Idaho. Corresponding author: James A. Entry, USDA-ARS Northwest Irrigation and Soils Research Laboratory, 3793 North 3600 East, Kimberly, Idaho 83443; 1998; Entry and Sojka, 2000; Lentz et al., 2000) . In a three-year series of studies conducted on silt loam soils, runoff sediment reduction averaged 94% and infiltration increased 15% (Lentz et al., 1992; Lentz and Sojka, 1994; Lentz et al., 1998) . Additional studies further documented the capacity of PAM treatment of furrow irrigation water or spread on the soil as a patch to reduce sediments, nutrients, dissolved organic carbon (DOC), microorganisms, and pesticides in irrigation runoff Entry and Sojka, 2000; Sojka and Entry, 2000; Lentz et al., 2001; Entry et al., 2002) .
The most frequent approach in furrow irrigation studies involved PAM treatment of the furrow advance stream. Efficacious treatment was usually possible with PAM application rates of about 1 kg ha-1 in each of the first few irrigations of the season. PAM was applied at a concentration of 10 mg L-1 only in the advancing furrow stream (the period of the irrigation before runoff, when water is first traversing the dry furrow). McCutchan et al. (1994) reported that application of PAM at 2.5 mg ha-1 substantially reduced sediment loads in agricultural fields. Increasingly, farmers have achieved successful results applying area-equivalent rates as a small powder patch directly to the soil at the water inlet to each furrow immediately before irrigation. Efficacy of the powder patch approach was verified. With on-farm cost of PAM ranging from about $7 to $13 ha-1, the use of PAM to reduce erosion has been adopted on a million acres in the U.S. as of 1998 and is also rapidly gaining acceptance overseas (Sojka et al., , 1998c . The use of PAM to reduce sediment loss is receiving additional attention throughout the Western U.S. as several states begin seeking ways to bring irrigation return-flows below mandated total maximum daily loads (TMDL) for specific contaminants.
Because of the extraordinary efficacy of non-toxic high molecular-weight anionic PAMs to remove fine suspended material in flowing water, we hypothesized that PAM use would reduce the concentration of nutrients in flowing water and would reduce total and extractable nutrients removed from irrigated fields by reducing irrigation-induced erosion. We tested this hypothesis by monitoring the effect of PAM patch treatment of furrow irrigation water within an agricultural field on nutrients in the inflow and runoff and nutrients contained in sediment carried off the field.
MATERIALS AND METHODS STUDY SrrE
The study was conducted at the USDA-ARS Northwest Irrigation and Soils Research Laboratory in Kimberly, Idaho. The soil in the test area was Portneuf silt loam (coarse-silty, mixed, superactive mesic Durinodic Xeric Haplocalcid), with 10% to 21% clay, 60% to 75% silt, and organic matter of approximately 13 g kg-1 . The saturated paste extract electrical conductivity (EC) ranges from 0.7 to 1.3 dS m-1, with exchangeable sodium percentage (ESP) of 1.4 to 1.7, pH of 7.6 to 8.0, and a CaCO3 equivalent of 2% to 8%. Slope on this site was approximately 1.5%.
EXPERIMENTAL DESIGN
The experiment was arranged in a complete randomized design with three replications. Treatments for surface flow were: (1) PAM application and no PAM applied (control), (2) distance from inflow (1 and 40 m), (3) three inflow rates (7.5, 15.0, and 22.5 L min-1) corresponding to three different irrigation dates (stated below), and (4) time during irrigation (0.5, 3.5, and 6.5 h after initial inflow). Treatments for sediment, infiltration, and total and extractable nutrients were: (1) PAM application and no PAM applied (control), (2) three inflow rates (7.5, 15.0, and 22.5 L min-1) corresponding to three different irrigation dates (stated below), and (3) time during irrigation (0.5, 3.5, and 6.5 h after initial inflow). Field plots were considered replications. Plots were 40 m long x 4 m wide.
POLYACRYLAMIDE APPLICATION
The polyacrylamide copolymer used was a dry granular material having an approximate molecular weight of 12 to 15 mg mol-1 with an 18% negative charge density (provided by CYTEC Industries of Wayne, N.J., and marketed under the tradename Superfloc 836A). PAM application involved spreading of granular PAM on the surface of approximately 0.1 m2 area of soil in the furrow, corresponding to the 0.1 m of furrow below inflow spigots. Application amounts were 35 g of material (approximately 28 g of active ingredient). PAM was applied to the soil in a patch immediately prior to each irrigation following Natural Resource Conservation Service (NRCS) 2001 guidelines .
WATER APPLICATION
Water was applied as furrow irrigation from a storage pond, via spigoted plastic pipe, to a conventionally tilled field that was disk plowed to 10 cm depth in autumn and spring, and then roller harrowed following application of fertilizer and herbicides prior to planting. Furrows, 40 m in length, were approximately 10 cm deep, and prepared with 76 weighted 75° V-shaped furrow-shaping tools. Furrow spacing in this crop of edible dry beans (Phaseolus vulgaris L) was 76 cm. Irrigation was on every other furrow. The first irrigation was only in the wheel-track furrows, the second irrigation was only in the non-wheel furrows, and the third irrigation was only in wheel-track furrows again. Three water flow rates were used (7.5, 15.0, and 22.5 L min-1), which corresponded to the three different irrigation dates: 19 June, 2 July, and 17 July 1997). Irrigation water electrical conductivity (EC) was 0.5 dS m-1 with a sodium adsorption ratio (SAR) of 0.4 to 0.7.
WATER SAMPLES
Furrow flow water samples at 1 and 40 m were collected with a marked beaker from the surface to a 3 cm water depth at the inlet, at 1 m distance below the water inlet and 0.9 m below the PAM patch, and at 40 m from the water inlet near the furrow outlets ( fig. 1) . Water in the furrows ranged from 7 to 12 cm deep, and sampling the top 3 cm of water in the furrows did not disturb sediment. Inflow water samples were taken directly from the inflow spigot prior to water contacting the soil. Three separate water samples were taken at each sampling point at each time of sampling. Samples were collected and analyzed for NH4+, NO3, DRP, total P, K, Ca, Mg, Fe, Mn, Cu, B, and Zn using methods described below. We took a total of 162 water samples (2 PAM treatments x 3 flow rates x 3 times during irrigation x 3 reps (plots) x 3 samples taken at each sampling point). Water samples collected for nutrient analysis were frozen at -10° C, stored for 3 months, and then analyzed as described below. Nutrients in irrigation surface water, total nutrients, and extractable nutrients exported from the field reported for each furrow and treatment are the differences between inflow and outflow concentrations (i.e., inflow concentrations were subtracted from outflow concentrations to give nutrients exported from the field).
SEDIMENT SAMPLES
Per hectare sediment loss and infiltration depth were calculated based on inflow and outflow rate measurements, sediment concentration of outflow, and spacing between irrigated furrows, following previously published protocols . Water inflow and outflow rates were monitored at 0.5, 3.5, and 6.5 h after irrigation was applied at 0 m (inflow) and 40 m (outflow). One-liter outflow samples were calculated at the above stated times using Imhoff cones to determine sediment volume. Sediment concentration in water was converted to mass via regression relationships described in Sojka et al. (1992 Sojka et al. ( , 1994 , allowing the use of sediment concentration and discharge flow rate to calculate runoff water, water infiltration, and sediment and nutrient losses. Sediment in irrigation water deposited at the end of each furrow during runoff was collected after each irrigation. Three separate 10 cm diameter cores were taken to a 5.0 cm depth into the sediment deposited at the end of each furrow. Soil samples were collected, dried at 105° C, stored at 0° C, and analyzed for nutrients as described below.
Extractable and total nutrients exported from the field were calculated based on the concentration of extractable and total nutrients in sediment multiplied by the amount of sediment eroded from the field minus the concentration of nutrients in irrigation water multiplied by the amount of irrigation water leaving the field. We took a total of 162 sediment samples (2 PAM treatments x 3 flow rates x 3 times during irrigation x 3 reps (plots) x 3 samples taken at each sampling point).
CHEMICAL ANALYSIS

Irrigation Water
All water samples were filtered through a 0.45 pm Whatman filter. Nitrate and NH4+ in irrigation water were determined using the Lachat autoanalyzer (Lachat Quickchem Systems, Milwaukee, Wisc.) using methods described in Mulvaney (1996) . Dissolved reactive phosphate (DRP) and total P in water were determined using methods described in Kuo (1996) . Potassium, Ca, Mg, Fe, Mn, Cu, B, and Zn were determined using inductively coupled plasma emission spectrometry (ICP).
Total Nutrient Analysis of Sediment Samples
Total C was estimated by dry ashing at 525° C and assuming C equal to 50% of loss on ignition (Nelson and Sommers, 1996) . Total N was determined using standard micro-Kjeldahl procedures modified for NO 3- (Bremmner, 1996) . Total concentrations of P, K, Ca, Mg, Mn, Fe, Cu, B, and Zn were determined by digestion in 98% sulfuric acid, heating at 115° C for 30 min (Hossner, 1996) .
Extractable Nutrient Analysis of Sediment Samples
Phosphorus, K, Ca, Mg, Mn, Fe, Cu, B, and Zn in sediment were extracted with Mehlich III techniques (Sims, 1989) . Total N, NH4+, and NO3-in water samples were determined using a Lachat autoanalyzer (Lachat Quickchem Systems, Milwaukee, Wisc.). Extractable P, K, Ca, Mg, Mn, Fe, Cu, B, and Zn were measured with an ICP.
STATISTICAL ANALYSES
All dependent variables were tested for normal distribution. Data were then analyzed using general linear models (GLM) procedures for a completely random design with Statistical Analysis Systems software (SAS, 1996) . In all analyses, residuals were equally distributed with constant variances. Differences reported throughout are significant at p < 0.05, as determined by the least squares means test.
RESULTS
SEDIMENT AND INFILTRATION
Statistical comparisons of sediment and infiltration rate are presented with regard to PAM mixtures X flow rate because comparisons of sediment and infiltration rate by PAM x flow rate x sampling time were not significant at p < 0.05 (Snedecor and Cochran, 1980; Kirk, 1982) . Sediment contained in inflow water was near or at zero. Mean sediment loss in the PAM and control treatments did not significantly differ at p 0.05 when water flow was at 7.5 L min-1 (table 1). At 7.5 L min-1, detachment and transport occurred due to the low shear forces, and most eroded soil attained deposition before reaching the end of the furrow. When water flow was at 15.0 and 22.5 L min-1 , sediment loss was nearly eliminated in the PAM treatment compared to the control treatment. At 15.0 and 22.5 L min-1 flow rates, the detachment and transport phases of the erosion process were occurring. Mean infiltration in the PAM and control treatments did not significantly differ when water flow was at 7.5 and 22.5 L min-1, but infiltration was less in the PAM treatment than in the control treatment when water flow was at 15.0 L min-1 . Estimation of infiltration from small flumes using this method are reliable for production-sized fields of several hundred meters but are generally recognized as error prone for measurements on short furrow segments Mackey, 1988a, 1988b) . Consequently, despite the small apparent infiltration differences measured, actual treatment differences may or may not have occurred, and only the means for flow rates are meaningful as overall estimates of infiltration for the study. Most research on longer fields on these soils has typically shown about a 15% increase in the infiltration rate when PAM was applied .
NUTRIENT CONCENTRATION IN WATER
Statistical comparisons of nutrients in filtered irrigation water are presented with regard to PAM treatment x flow rate because interactions of PAM treatment x flow rate X distance from inflow x sampling time and interactions of PAM treatment x flow rate x sampling time and PAM treatment x flow rate x distance from inflow were not significant at p < 0.05 (Snedecor and Cochran, 1980; Kirk, 1982) . After irrigation water flowed 1 m, the concentrations of all nutrients in water did not differ with regard to PAM treatment or flow rate (table 2). After irrigation water flowed 40 m, NO3-and total P concentrations were less in furrows receiving PAM treatments than in furrows without PAM regardless of flow rate. After water flowed 1 m, export of total N, NO3-, total P, and K were significantly lower in irrigation water when furrows were treated with PAM than in untreated (control) furrows. After irrigation water flowed 40 m, export of total N, NO3, DRP, and K were less in furrows receiving PAM treatments than in furrows without PAM regardless of flow rate (table 3) .
TOTAL NUTRIENT CONCENTRATION IN SEDIMENT AND TOTAL NUTRIENTS EXPORTED VIA SEDIMENT
Statistical comparisons of total nutrients in sediment are presented with regard to PAM mixtures x flow rate because comparisons of nutrients in total nutrients by PAM x flow rate x sampling were not significant at p < 0.05 (Snedecor and Cochran, 1980; Kirk, 1982) . Total nutrients exported from the field were calculated based on the concentration of total nutrients in sediment (table 4) multiplied by the amount of sediment eroded from the field minus the concentration of nutrients in irrigation water multiplied by the amount of irrigation water leaving the field. Nearly all total nutrients exported via sediment carried by irrigation water increased as the flow rate increased from 7.5 to 22.5 L min-1 (table 5. ). Export of all total nutrients in sediment carried by irrigation water was lower when furrows were treated with PAM compared to the untreated (control) furrows.
EXTRACTABLE NUTRIENT CONCENTRATION IN SEDIMENT AND EXTRACTABLE NUTRIENTS EXPORTED VIA SEDIMENT
Statistical comparisons of Mehlich III extractable nutrients in sediment are presented with regard to PAM mixtures X flow rate because comparisons of nutrients in Mehlich III extractable nutrients by PAM X flow rate x sampling were not significant at p < 0.05 (Snedecor and Cochran, 1980; Kirk, 1982) . Mehlich III extractable nutrients [b]Statistical comparisons of nutrients in filtered irrigation water are presented with regard to PAM treatment x flow rate because interactions of PAM treatment x flow rate x distance from inflow x sampling time and interactions of PAM treatment x flow rate x sampling time and PAM treatment x flow rate x distance from inflow were not significant in the GLM model (p < 0.05; n = 54). [a] In each column, values followed by the same letter are not significantly different as determined by the least square means test (p < 0.05; n = 54). PAStatistical comparisons of nutrients in filtered irrigation water are presented with regard to PAM treatment x flow rate because interactions of PAM treatment x flow rate x distance from inflow x sampling time and interactions of PAM treatment x flow rate x sampling time and PAM treatment x flow rate x distance from inflow were not significant in the GLM model (p < 0.05; n = 54).
[a] In each column, values followed by the same letter are not significantly different as determined by the least square means test (p < 0.05; n =54). IN Statistical comparisons of nutrients in filtered irrigation water are presented with regard to PAM treatment x flow rate because interactions of PAM treatment x flow rate x sampling time interactions were not significant in the GLM model (p < 0.05; n = 54). [a] Statistical comparisons of nutrients in filtered irrigation water are presented with regard to PAM treatment x flow rate because interactions of PAM treatment x flow rate x sampling time interactions were not significant in the GLM model (p < 0.05; n = 54).
exported from the field were calculated based on the concentration of extractable nutrients in sediment (table 6) multiplied by the amount of sediment eroded from the field minus the concentration of nutrients in irrigation water multiplied by the amount of irrigation water leaving the field. Export of all Mehlich III extractable nutrients tested increased as the flow rate of irrigation water increased (table 7) . Export of all Mehlich III extractable nutrients tested in sediment was lower in irrigation water when furrows were treated with PAM (table 6) . By reducing the concentration of sediment carried off of a field, PAM also reduces the concentration and amount of nutrients carried off of the field because many nutrients are bound to or contained in sediment particles.
DISCUSSION
SEDIMENT Lo88 AND INFILTRATION
Results of our study parallel the fmdings of the larger body of PAM literature for use of PAM to control irrigation-induced erosion with regard to erosion and sediment loss prevention.
Beyond the erosion prevention apparent from the data presented in the table 1, there was also a dramatic visual treatment effect. Water running off of the control furrows was turbid and sediment-laden in all cases, and furrow bottoms, following each irrigation, showed the effects of erosional scouring and sediment transport and redeposition. Within a half-hour of irrigation initiation, water in untreated control furrows was clouded with sediment, while water in PAMtreated furrows was completely clear.
NUTRIENT EXPORT FROM FIELD
Reducing organic carbon (C) in return flows reduces potential for harmful 02 depletion in surface waters, which can drastically alter the function of aquatic ecosystems. Low 02 resulting from metabolism of C contributes to fluvial and marine hypoxia, which can harm aquatic flora and fauna. Where surface water is used as a source of drinking water, expensive treatment is necessary to remove dissolved organic carbon in order to prevent trihalomethane formation during chlorination for the removal of harmful microorganisms. Elevated concentrations of nutrients and C in water may enhance the survival of some microorganisms that are potentially harmful to humans (Moe, 1997; Roszak and Colwell, 1987) .
Extractable nutrient concentrations in sediment eroded from fields are similar to those reported in loam soils in southern Idaho (Westermann et al., 1994a (Westermann et al., , 1994b . However, accumulated sediment and total nutrient losses have not been previously reported for loam soils in southern Idaho. The prevention of soil particle transport from fields to water sources should help keep nutrients in the soil and out of surface waters, where sediment and additional N and P contribute to algal blooms and changes in aquatic flora and fauna.
PAM may remove nutrients in water that are disassociated from soil particles either by preventing them from being suspended and dissolved or desorbed into solution as water contacts soil particles and/or by sorbing free ions in solution to PAM itself or to soil particles that flocculate and settle out of irrigation water (Orts et al., 2000) . Coulombic and Van der Waals forces attract soil particles to PAM (Orts et al., 2000) . These surface attractions stabilize the soil structure by enhancing particle cohesion, thus increasing resistance to shear-induced detachment and preventing transport of soil particles and ions in runoff. The few particles that detach are quickly flocculated by PAM.
Calcium electrolytes are needed in irrigation water when using anionic PAM for infiltration and erosion control. Modest amounts of Ca2+ shrink the electrical double layer surrounding soil particles and bridge the anionic surfaces of soil particles and PAM molecules, enabling flocculation (Orts et al., 2001; Wallace and Wallace, 1996) . Calcium ions act as a bridge between anionic soil surfaces and the anionic PAM macromolecule. Calcium has a double charge and small hydrated radius, which favors flocculation. By contrast, sodium ions have a large hydrated radius, which impairs ion bridging, generally leading to dispersion rather than flocculation of solids. The anionic charges on PAM may sorb positively charged nutrients in either soils or water. We hypothesized that when PAM reacts with Al3+ and Ca2+ in soils or water, the cations bind with anionic nutrients such as ortho-P and NO3-. Free Al+3 and Ca2+ most likely bind with anionic sites on the PAM molecule, forming a bridge with anionic nutrients such as DRP and NO 3-. Further investigation to determine the efficacy of PAM to remove nutrients from water should include acidic soils. Using PAM to remove nutrients from wastewater may produce different results in acidic soils, especially when considering binding properties in DRP and total P. Polyacrylamide reduced the amount of total and extractable micronutrients exported off of the field because the treatment reduced sediment loss. Micronutrients are essential to plant growth and yield. Iron and Zn are often unavailable to crops grown in Idaho due to the high pH soils. Soils are not always analyzed for micronutrient concentrations prior to planting, and therefore deficiencies are sometimes not detected until well into the growing season. Treatment with PAM may save producers lost revenue by not only preventing the loss of soil N and P, which is usually measured and if deficient can be corrected, but also by preventing the loss of micronutrients.
ENVIRONMENTAL CONSIDERATIONS
Environmental and safety considerations of anionic PAMs have been reviewed (Barvenik, 1994; Bologna et al., 1999; Seybold, 1994) . The most significant environmental effect of PAM use is its erosion reduction, protecting surface waters from sediment and other contaminants washed from eroding fields. PAM greatly reduces nutrients, pesticides, and biological oxygen demand of irrigation return flows (Agassi et al., 1995; Lentz et al., 1998 Lentz et al., , 2001 . In Australian tests of PAM, sediment, nutrient, and pesticide reductions exceeded levels achieved by traditional conservation farming methods (Waters et al., 1999) . There are some specific environmental issues related to PAM charge type and purity. Used at prescribed rates, anionic PAMs are environmentally safe. Cationic and neutral PAMs have toxicities warranting caution or preclusion from sensitive environmental uses. The USDA Natural Resource Conservation Service (NRCS) specifies anionic PAMs for controlling irrigation-induced erosion. Negative impacts have not been documented for aquatic macrofauna, microorganisms, or crop species for the anionic PAMs used for erosion control when applied at recommended concentrations and rates (Kay-Shoemake et al., 1998a .
SEDIMENT AND NUTRIENT Loss
In furrow-irrigated fields, PAM mixed at 10 mg PAM per liter of water in the advance phase of the irrigations reduced dissolved reactive P losses by 86%, and PAM that was continuously dissolved in water at 1 mg PAM per liter of water reduced dissolved reactive P losses by 77% (Lentz at al., 1996) . In a similar study, in furrow-irrigated fields, PAM mixed at 10 mg PAM per liter of water in the advance phase of the irrigations reduced total P losses by 92% and dissolved reactive P losses by 87% relative to controls (Lentz et al., 2001) . These reductions were accomplished not only because PAM lowered concentrations of total and dissolved reactive P in runoff water, but also because PAM decreased the volume of furrow runoff water (Lentz et al., 2001) . A subsequent percolation study showed that PAM mixed at 10 mg PAM per liter of water in the first 30 min of the irrigations did not result in an increase in field-wide losses of water-soluble nutrients (Lentz et al., 2001 ). Entry and Sojka (2000) also found that animal wastewater that flowed over PAM at 7.5 and 15.5 L min-1 reduced total P by 70% and dissolved reactive P by 50%. Our results agreed with those of Lentz et al. (1996) and Lentz et al. (2001) . We found that after irrigation water flowed 40 m, export of total N, NO3, total P, and K were less in furrows receiving PAM treatments than in furrows without PAM. We also found that PAM reduced the amount of total and extractable nutrients exported off of the field because the treatment reduced both nutrients dissolved in irrigation water and nutrients contained in sediment.
The water-soluble anionic PAMs used in this study are recommended for use in erosion control. They are very large anionic molecules that have been shown to be safe for a variety of food, pharmaceutical, and sensitive environmental applications (Barvenik, 1994) . They should not be confused with gel-forming cross-linked PAM or evaluated with other PAM formulations, especially cationic PAMs, which have known safety concerns related to their specific chemistries (Barvenik, 1994) . Environmental regulation, safety, and toxicity issues related to PAM use have been extensively reviewed (Barvenik, 1994; Seybold, 1994; Sojka and Surpaneni, 2000) .
Potential benefits of PAM to reduce nutrient flow to surface water are: (1) it is inexpensive, (2) it can be quickly spread on the soil surface prior to irrigation, and (3) it can be used along with other techniques and management strategies to reduce the input of sediment and nutrients to water resources. Cost analysis and testing of PAM use in various agricultural operations is necessary, but our research demonstrates the potential of PAM as a valuable tool to allow farm operations to control nutrient loss from their operations. Agricultural operators should not expect the development of PAM products or new technologies to preclude the need for a variety of best management practices or common sense. Best results of new pollution mitigation technologies will most likely be achieved by using them with best management practices and sound animal management practices, but also having PAM as an additional tool for use in appropriate situations.
